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This paper deals with the determination of the interface density of states in amorphous silicon-based
1-x xmultilayers. Photothermal deflection spectroscopy is used to characterize two series of a-Si:H/a-Si C :H
multilayers, and a new approach in the treatment of experimental dada is used in order to obtain accurate
results. From this approach, an upper limit of 10  cm  is determined for the interface density of states.10 -2
1. INTRODUCTION
One of the most interesting aspects of amorphous semiconductor multilayers is their application in
studying the interfaces between different a-Si:H based alloys, because of the great number of interfaces that
a multilayer structure can contain. There are several magnitudes, such as the additional hydrogen content
at interfaces [1,2] or the density of states (DOS) per interface [3-7] that can be estimated from measurements
of series of multilayers with different geometries and number of interfaces.
In particular, the DOS per interface is a valuable parameter used to define the optoelectronical quality
of interfaces. One of the most suitable techniques for the measurement of DOS is photothermal deflection
spectroscopy (PDS). However, the use of PDS to determine the DOS per interface requires accurate
determination of the surface DOS (i.e. the DOS at air/multilayer and multilayer/substrate interfaces) and the
strong assumption of a constant surface DOS in spite of the geometry of the multilayer [4]. Other
complications can arise from the more defective material in the multilayer (usually the alloy), whose
contribution to the measured total DOS can obscure the smaller contribution from the DOS at interfaces.
1-x xIn this paper, the DOS at a-Si:H/a-Si C :H interfaces is estimated from the characterization by PDS
of two series of multilayers with variable mean composition. A novel approach is used to determine the DOS
per interface and thus avoid the obscuring effects of the surface DOS and the silicon-carbon alloy DOS. This
treatment gives an upper limit of 10  cm  to interface DOS, which demonstrates the high quality of these10 -2
interfaces.
2. EXPERIMENTAL
1-x xTwo series of a-Si:H/a-Si C :H multilayers with variable mean composition were studied. One
1-x xpresented a constant a-Si C :H layer thickness of 37 Å and a variable a-Si:H layer thickness (between 7
1-x xand 147 Å). The other presented a constant a-Si:H layer thickness of 55 Å and a variable a-Si C :H layer
thickness (between 9 and 205 Å). The number of elementary pairs of layers was varied in order to obtain
approximately the same total thickness (. 0.5 :m) in all the multilayers. The carbon content of alloy layers
was 0.36 as determined from XPS measurements.
The samples used in this study were deposited by RF glow discharge in a reactor described elsewhere
[8]. The most significant feature of this reactor is an automated substrate holder which permits removal of
the substrates from plasma influence during the gas-exchange process. This feature was also used to obtain
up to four samples of homogeneous material with different thicknesses but prepared under identical
conditions in order to determine the surface DOS of both materials.
The DOS was obtained from the excess absorption in the low absorption zone from photothermal
deflection spectroscopy (PDS) measurements. The absorption spectra were obtained from the PDS signal
as described elsewhere [9]. The DOS was calculated by integrating the spectra between 0.95 and 1.50 eV
and the constant used in the calculation was 7.9×10  cm  eV .15 -2 -1
3. RESULTS AND DISCUSSION
Before analyzing the measurements of multilayers, several homogeneous samples of each material with
thicknesses ranging from 0.5 to 2.5 :m were measured. From these measurements the bulk and surface DOS
were accurately obtained. The a-Si:H layers used in the multilayers presented a bulk DOS of 1.2×10  cm16 -3
and a surface density of 8.5×10  cm . These values were respectively 8.5×10  cm  and 2.7×10  cm11 -2 16 -3 12 -2
1-x xfor the a-Si C :H layers. The surface DOS was associated with the states in the air/layer and layer/substrate
interfaces.
The results corresponding to the DOS measured in our multilayers are shown in Figure 1. These results
1-x xare plotted as a function of the varying thickness. An increase in DOS when the a-Si C :H layer thickness
increases (and consequently when the number of interfaces decreases) is observed (samples represented by
circles). In the other series, the DOS decreases when the a-Si:H layer thickness increases (and consequently
the number of interfaces decreases).
The different behaviour in the two series when the number of interfaces is varied highlights the main
1-x xrole of the total a-Si C :H thickness in determining the measured DOS.
Several contributions to DOS are expected in multilayer structures. Two of them are the bulk DOS of
s sthe materials used (N  and N ), another is the surface DOS corresponding to the air/multilayer and
Si SiC
surfmultilayer/substrate interfaces (N ), and, finally, the contribution of the interfaces between elementary
ilayers (N ):
Si SiCwhere d is the total thickness of the multilayer, n is the number of bilayers, and d  and d  are the
thicknesses of elementary layers.
The weight of each contribution has to be considered to obtain an estimation of the interface DOS. In
1-x xour case, from the usual values reported for the interface DOS in a-Si:H/a-Si C :H multilayers (3-5×10
10
cm ) [3-6], we can expect that the increase in the total DOS due to the interface states will be much lower-2
1-x xthan the weight of the bulk a-Si C :H DOS or the surface DOS. In addition, some authors have suggested
that the multilayer structure could affect the surface roughness with respect to homogeneous layers [10], so
the assumption of the same value for this surface DOS as in homogeneous layers should be relaxed.
To avoid these problems, our treatment of the experimental results assumes that a) the volume DOS in
the a-Si:H layers in a multilayer structure did not change with respect to homogeneous layers, and b) any
value for the interface DOS in a reasonable range (between 5×10  and 10  cm ) is possible. From the8 11 -2
assumption of these two values, we have fitted the dependence observed for each series with two parameters:
1-x xthe a-Si C :H bulk DOS and the surface DOS. The goodness of the fit is evaluated by means of an error
function calculated as the average deviation of the measured DOS from the DOS obtained from the optimal
parameters of the fit. This fit was performed to different values of the interface DOS in the above mentioned
s irange, and gave a continuous dependence for the best fit values of the parameters (N  and N ) and the error
SiC
function.
1-x xThe results from this treatment applied to the series with constant a-Si C :H layer thickness and
constant a-Si:H layer thickness are respectively shown in Figures 2 and 3.
In both cases, the error function increases suddenly when the interface DOS is assumed to be more than
approximately 2×10  cm . This value is an upper limit to the interface DOS in our case, but also the10 -2
reasonability of the fitting parameters and the consistency between the results of the two series have to be
1-x xanalyzed. For example, it does not seem very likely that the best-fitting values of the volume a-Si C :H
DOS in Figure 2 could be lower than the volume DOS assumed for the a-Si:H layers. Moreover, the surface
1-x xDOS and the volume a-Si C :H DOS are expected to be very similar in both series, and not much different
from the values estimated from homogeneous layers.
1-x xIn Figures 2 and 3, the curves corresponding to the volume a-Si C :H DOS intersect at a value of
8.8×10  cm , which corresponds to an interface DOS of 2.2×10  cm , and the surface DOS curves16 -3 9 -2
intersect at a value of 1.4×10  cm , which corresponds to an interface DOS of 5.7×10  cm . The values12 -2 9 -2
1-x xfor the interface DOS are very close, and the values of the volume a-Si C :H DOS and the surface DOS
are consistent with those measured from homogeneous layers, which indicates the correctness of this
method. The interface DOS values are below 10  cm , one of the lowest values reported, which10 -2
demonstrates the high quality of these interfaces.
This fact means that a slight variation in the surface DOS due to changes in the surface roughness or
in the technological process (for example, the manipulation of the substrates during the cleaning process or
the temperature of the reactor when the samples are removed) could obscure the interface DOS.
This means that accurate measurement of the interface DOS is very difficult, and that only an upper limit
to this can be obtained.
1-x xThe lower weight of the interface DOS with respect to the volume DOS in a-Si C :H layers is
consistent with the behaviour of the photoconductivity observed in these samples, which suggests that
recombination takes place mainly in the alloy layers [11].
4. CONCLUSIONS
1-x xThe DOS of two series of a-Si:H/a-Si C :H multilayers was measured by PDS. A treatment of the
results, which did not assume pre-determined values for the volume DOS in alloy layers or for the surface
DOS, gave an upper limit to the interface DOS of 10  cm . This value is very low, and implies an important10 -2
difficulty in accurate determination, and a very low weight of this contribution compared with others such
1-x xas the surface DOS or the volume DOS in defective a-Si C :H layers.
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Figure 1. Measured density of states for the two series of
multilayers as a function of the varying thickness. The labels
indicate the number of elementary pairs of layers.
Figure 2. Volume and surface density of states and error
function obtained from the fit of the measured total density of
1-x xstates of the series with constant a-Si C :H layer thickness.
Figure 3. Volume and surface density of states and error function
obtained from the fit of the measured total density of states of
the series with constant a-Si:H layer thickness.
